Molecular Spectroscopy and Dynamics below the Doppler Width by Schlag, E. W. et al.
P R O C E E D I N G S A N D P H I L O S O P H I C A L T R A N S A C T I O N S 
O F T H E R O Y A L S O C I E T Y 
Notice to contributors 
The Royal Society welcomes suitable Communications for publication in its 
scientific Journals: papers estimated to occupy up to 24 printed pages are con-
sidered for the Proceedings and longer papers and those with numerous or large 
illustrations for the Philosophical Transactions. 
Detailed advice on the preparation of papers to be submitted to the Society 
is given in a leaflet available from the Executive Secretary, The Royal Society, 
6 Carlton House Terrace, London SWIY 5 A G . The 'Instructions to authors' are 
also printed in every fifth volume of the Proceedings A and B (volume numbers 
ending in o or 5) . The basic requirements are: a paper should be as concise as 
its scientific content allows and grammatically correct; Standard nomenclature, 
units and Symbols should be used; the text (including the abstract, the list of 
references and figure descriptions) should be in double spaced typing on one 
side of the paper. A leaflet giving detailed advice on the preparation of illustra-
tions is available from the Executive Secretary; diagrams should be expertly 
drawn at about twice the proposed final size, preferably with lettering in the 
correct style but if this is not possible the lettering should be inserted not on the 
original drawings but on a set of copies; where photographs are essential the 
layout should be designed to give the most effective presentation. 
The initial Submission of a paper must be through a Fellow or Foreign 
Member of the Society, but subsequent correspondence will be conducted 
direct with the author. The latest lists of Fellows and Foreign Members are to 
be found in the current edition of the Year Book of the Royal Society. A copy of 
* Notes for the guidance of Fellows communicating papers' is available from the 
Executive Secretary. In the event of any difficulty, an author is invited to seek 
the assistance of the Executive Secretary. 
No page C h a r g e is levied, and the first 50 offprints of a paper are supplied to 
the author gratis. 
The Editors particularly welcome short Communications to Proceedings; as 
far as possible they will be given expeditious treatment both in consideration 
and in printing, and this will be facilitated if a paper is submitted with a firm 
recommendation by a Fellow. 
Associate Editors: series A , M a t h e m a t i c a l and Physical Sciences 
© 1982 The Royal Society and the authors of individual papers. 
It is the policy of the Royal Society not to charge any royalty for the production 
of a single copy of any one article made for private study or research. Requests 
for the copying or reprinting of any article for any other purpose should be sent 
to the Royal Society. 
Professor E . A . Ash 
Professor F. F. Bonsall 
Professor G . Gee 
Professor A . Hewish 
(For Standing Orders see current Year Book.) 
Professor D. S.Jones Professor J . M . Thomas 
Professor T . W. B. Kibble Dr D. W. Turner 
Professor M . S. Longuet-Higgins Professor R. Weck 
Professor G . W. Series Professor A. J . C. Wilson 
Copyright 
P H I L O S O P H I C A L T R A N S A C T I O N S 
OF 
T H E R O Y A L SOCIETY 
OF L O N D O N 
SERIES A V O L U M E 307 
M A T H E M A T I C A L AND PHYSICAL SCIENCES 
1982 
P U B L I S H E D B Y T H E R O Y A L S O C I E T Y 
6 C A R L T O N H O U S E T E R R A C E L O N D O N S W 1 Y 5 A G 
P r i n t e d i n G r e a t B r i t a i n at the University Press, Cambridge 
C O N T E N T S 
Series A Volume 307 
N o . 1497 15 October 1982 
The B ig Bang and dement creation 
A Discussion organized and edited by D . L Y N D E N - B E L L , F . R . S . . . . . page 1 
No . 1498 20 October 1982 
Dispersion resulting from flow through spatially periodic porous media. I I . Surface and 
intraparticle transport 
By H . BRENNER and P . M . A D L E R 149 
The breakdown of superfluidity in l iqu id 4 H e . I I I . Nucleation of quantized vortex rings 
By R . M . B O W L E Y , P . V . E . M C C L I N T O C K , F . E . Moss, G . G . NANCOLAS and P. C . E . 
S T A M P 201 
N o . 1499 20 October 1982 
Technology i n the 1990s: the sea 
A Discussion organized and edited by H . C H A R N O C K , F . R . S . , and A . M . A D Y E . 261 
N o . 1500 12 November 1982 
New techniques i n optical and infrared spectroscopy 
A Discussion organized and edited by G . W . SERIES, F . R . S . , and B. A . T H R U S H , 
F . R . S 465 
Indexes 689 
P h i l . T r a n s . R . Soc. L o n d . A 307, 1-148 (1982) [ 1 ] 
P r i n t e d i n G r e a t B r i t a i n 
T H E BIG B A N G A N D E L E M E N T G R E A T I O N 
A D I S C U S S I O N O R G A N I Z E D A N D E D I T E D B Y 
D . L Y N D E N - B E L L , F . R . S . 
{Discussion held 11 and 12 M a r c h 1982 - Typescripts received 18 May 1982) 
C O N T E N T S 
P A G E 
R . J . T A Y L E R 
Introduction to Big Bang nucleosynthesis: open and closed models, 
anisotropies 3 
Discussion: R . FABBRI 17 
B. E . J . P A G E L 
Abundances of elements of cosmological interest 19 
Discussion: G . R . ISAAK 35 
T . D . K l N M A N A N D K . D A V I D S O N 
Constraints on the primordial helium abundance from the optical emission 
spectra of dwarf galaxies 37 
D . N . S C H R A M M 
Constraints on the density of baryons in the Universe 43 
Discussion: M . J . R E E S , F . R . S . , R . J . T A Y L E R 53 
D . T . W l L K I N S O N 
Measuring the large-scale anisotropy in the microwave background radiation 55 
Discussion: R . D . DAVIES 64 
R . F A B B R I , I. G U I D I A N D V . N A T A L E 
Anisotropy measurements and cosmological implications 67 
Discussion: R . J . T A Y L E R 75 
P. L . R I C H A R D S 
Spectrum of the microwave background radiation 77 
Discussion: R . FABBRI 84 
W. L . W. S A R G E N T , F . R . S . 
The distribution and composition of intergalactic clouds at large red-shifts 87 
Discussion: W. H . M C C R E A , F . R . S . , M . J . R E E S , F . R . S . 96 
C. J . H O G A N , N . K A I S E R A N D M . J . R E E S , F . R . S . 
Interpretation of anisotropy in the cosmic background radiation 97 
Discussion: R . FABBRI , W. H . M C C R E A , F . R . S . 109 
M . D A V I S 
Galaxy clustering and the missing mass 111 
J . E L L I S 
Grand unified theories in cosmology 121 
A. H . G U T H 
Phase transitions in the embryo Universe 141 
Discussion: S. P. BHAVSAR 148 
V o l . 307. A 1497 1 [Published 15 October 1982 
P h i l . T r a n s . R . Soc. L o n d . A 307, 513-519 (1982) 
P r i n t e d i n G r e a t B r i t a i n 
513 
Molecular spectroscopy and dynamics below the Doppler width 
B Y E . W . S C H L A G , H . L . S E L Z L E , W . H E N K E , E . R I E D L E A N D H . J . N E U S S E R 
Institut für Physikalische und Theoretische Chemie der Universität München, 
Lichtenbergstrasse 4, Z)-8046 Garching, F . R . G . 
The density of states i n polyatomic molecules is so high that many spectroscopic 
transitions are only observed as large groupings even i n high-resolution spectroscopy. 
This is due to the fact that many of these states are buried beneath the Doppler width 
of the optical transition. W e here discuss new sub-Doppler experiments for optical 
transitions i n molecular spectra. 
For benzene we have obtained a resolution of less than 80 M H z , more than one 
order of magnitude below Doppler width. F r o m these measurements precise rotational 
constants of the excited State are reported for the first time. Doppler-free experiments 
were also performed wi th biacetyl when measuring the molecular quantum beat i n 
the decay after fluorescence excitation i n a supersonic jet. This technique permits the 
spectroscopy of nearby coupled states well below the Doppler l imi t and also below the 
bandwidth of the excitation laser. 
Recent advances i n experimental technology allow sub-Doppler measurements to be extended 
to the regime of small and medium size molecules. The methods that can be used are two-
photon spectroscopy (Biraben et al. 1974; Levenson & Bloembergen 1974), level-crossing 
spectroscopy (Bonilla & D e m t r ö d e r 1978), and molecular beam experiments including super-
sonic jets and quantum beats (Levy 1980). 
These methods are extremely important because the density of levels i n the excited states of 
molecules is large, and many transitions therefore lie within the Doppler width. This is par-
ticularly so for rotational transitions and spectra of polyatomic molecules that only produce 
rotational envelopes, where the rotational fine structure is hidden behind the Doppler profile 
of the transition. In addition, one cannot study the Splitting of energy levels arising from inter-
actions between different electronic manifolds when the coupling matrix element is less than 
the Doppler width of the observed transitions. We have applied Doppler-free two-photon 
excitation with narrow-bandwidth lasers of large molecules to obtain rotationally resolved 
spectra from which structural information can be obtained wi th an accuracy hitherto i m -
possible (Riedle et al. 1981). We have also achieved Doppler-free experiments even with broad 
bandwidth pulse excitation for molecular quantum beats (Henke et al. 1981). In this case the 
observed beat frequency i n the decay of the fluorescence is determined only by the level spacing 
and the coupling of the levels i n an ind iv idua l molecule and is therefore not affected by the 
thermal velocity distribution of the ensemble. The total half bandwidth due to Doppler 
broadening is given by (Selzle et al. 1981) 
A w D = 7.163 x 1 0 - 7 V ( r / M )6> 0 , 
a n d the l i m i t i n g c o n d i t i o n s for the c a s e of S e p a r a t i o n of two l i n e s is g i v e n i n figure 1. As is 
shown, cooling i n a s u p e r s o n i c jet reduces the Doppler broadening substantially but is still not 
suflficient to resolve s i n g l e rotational lines for l a r g e m o l e c u l e s . 
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A comparison between transition line intervals, natural line width and Doppler width is given 
in table 1. As can be seen for benzene and biacetyl the average distance between lines is larger 
than or similar to the natural line width but smaller than the Doppler wid th ; Separation of 
lines can therefore be achieved with Doppler-free methods. For still larger molecules like 
anthracene, the line Separation becomes smaller than the natural line width and line Separation 
w i l l therefore be impossible. 
molecular mass/u 
F I G U R E 1. Comparison between Doppler limit and line width of a transition: (a) Doppler width at room tem-
perature (300 K ) ; ( b ) Doppler width in jet (3 K ) . I, Separation of lines is possible for Doppler-limited methods 
if the line spacing is larger than the line width; II, Separation of lines is only possible for Doppler-free methods 
and a line spacing larger than the Doppler-free line width. The curve for the non-radiative width (c) is an 
estimate for knon.rSid oc p , where p is increasing with the mass of the molecule. 
T A B L E 1 
average 
distance natural 
number number between Doppler line 
molecular of of rotational constants transitions width width 
mass/u atoms vibrations cm" 1 M H z M H z M H z 
hydrogen, H 2 2 2 1 20.01 1 200000 9500 
formaldehyde, H 2 C O 30 4 6 8.75, 1.12, 1.01 3000 1700 0.5 
benzene, C 6 H 6 78 12 30 0.189, 0.189, 0.0945 200 1500 6 
biacetyl, C 4 H 6 0 2 86 12 30 0.176, 0.105, 0.0675 20 750 36/0.15 
anthracene, C 1 4 H 1 0 178 24 60 0.074, 0.016, 0.014 <1 680 60 
large molecule, C 7 5 H 1 0 0 1000 175 519 0.01, 0.002, 0.001 400 500 
In our experiment we applied Doppler-free two-photon absorption to overcome the Doppler 
broadening in the spectrum of the benzene molecule. It was possible to resolve as many as 400 
individual rotational transitions for a polyatomic molecule as large as benzene. Levels up to 
J % 30 were seen i n a spectrum extending over more than 100 G H z with a resolution of about 
80 M H z . The two-photon spectrum of the benzene molecule is obtained i n a sub-Doppler 
two-laser experiment (Riedle et al. 1981). One laser is a Coherent 559 continuous-wave (c.w.) 
single-mode dye laser using Coumar in 102 dye and emits around 494.3 nm. The second is a 
high-power c.w. Ar+ laser providing the second photon of fixed wavelength for the two-
photon process. The high power of the second laser is necessary because of the low cross section 
of a two-photon transition where i n addition the oscillator strength is distributed over many 
rovibronic lines. 
The two counterpropagating laser beams are carefully aligned i n a common focus i n a low-
pressure gas cell. Ultraviolet fluorescence is monitored and by scanning the dye laser the sub-
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Doppler spectrum is measured. This spectrum and the corresponding Doppler-l imited spec-
trum, which can be achieved by conventional methods, are shown i n figure 2. This refiects the 
extremely wel l resolved Q-branch of the strongest vibrationally induced (14j)S 1 <- S 0 transition. 
This high-resolution spectrum now allows the rotational analysis of this transition. For a perfect 
planar oblate Symmetrie top the transition frequency for A J = 0, & K = 0 is given by 
with 
^ E = ( B " - B ' ) [ J ( J + i ) - | i C 2 ] , 
A " = B " = 2C" and A ' = B ' = 2C" 
respectively and the planarity condition IQ — I A ~ ^ B = 0 is fulfilled. The measured spectra now 
can be compared with theoretical absorption spectra and from the known high-precision 
rotational constants of the ground State (Jensen & Brodersen 1979) one can determine the 
1 
• i i 1 1 1 1 1 1 1 1 1 1 1 1 1 i 
-120 -100 - 8 0 - 6 0 
Av/cm~l 
F I G U R E 2. Doppler-free two-photon absorption spectrum of benzene: A J = 0; v — 3 9 6 5 7 c m - 1 . The upper 
trace represents the corresponding Doppler-limited spectrum. 
rotational constants for the excited State. F rom the comparison of the computed spectrum one 
sees that some lines that should coincide are split, for instance the transitions for J , K = 9, 4 
and J , K = 11, 10. From the Splitting of 0.19 G H z for these lines and similar Splittings for other 
lines one can deduce that the simple energy relation for the planar Symmetrie rotor is no longer 
va l id . T w o possible effects can now modify the J or K dependence, or both, and would explain 
the line Splitting. The first would be centrifugal distortion, but an estimate shows that this 
effect would be more than one order of magnitude smaller than our observed result. 
The second explanation would be that the assumption 2 C = B ' is not correct so that there 
is an inertial defect [ J C ~ ^ B ~ ^ A # 0). I f one now assumed that the benzene is perfectly 
[ 49 ] 3 3 . 2 
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Symmetrie i n the ground State the fit also demands a perfect Symmetrie top in the excited State 
14 1. The inertial defect then shows that the effective molecular strueture is no longer planar, 
with an effective distance of the carbon atoms of ± 2 . 1 pm from the original molecular plane. 
This is the first time that individual rotational transitions have been uncovered far underneath 
the Doppler profile in the electronic spectrum of a polyatomic System, thus revealing struclural 
information that was not possible unt i l now. 
A second very important method to reach below the Doppler width is quantum beat spectro-
scopy (Chaiken et al. 1979). This method can be applied for the spectroscopy of the interaction 
of nearly degenerate states i n a molecule, which are coupled by an interaction like spin-orbit 
coupling. F r o m this coupling, level-anticrossing wi l l arise, which repels the coupled levels. The 
quantum beats are then a direct measurement of the microscopic coupling elements. This 
technique therefore permits horizontal spectroscopy, i.e. an isoenergetic transition between two 
different electronic states i n an isolated molecule. We have now applied this method to the 
study of biacetyl i n a supersonic jet (Selzle et al. 1981). 
6 
n 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M i n 1 1 1 1 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 1 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 
439 441 443 445 447 449 
A / n m 
F I G U R E 3. Jet spectrum of biacetyl: ( a ) fluorescence excitation spectrum in a supersonic jet; 
(b) fluorescence excitation spectrum at room temperature. 
The spectrum of biacetyl at room temperature is so dense because of rotational congestion that 
one cannot achieve any rotational resolution. Therefore one has to cool the molecule in a supersonic 
jet to reduce line density, as shown i n figure 3. The fit of the rotational transitions gave an effec-
tive rotational temperature of ca. 1 K at a He-carrier pressure of 4.9 atm ( c a . 500 kPa), when ex-
panding through a nozzle of 0.2 m m diameter into a vaeuum. The molecules are excited with a 
narrow bandwidth (0.05 c m - 1 ) pulsed dye laser, and the fluorescence emission is detected. 
I f one excites a single rotational transition an interesting effect is observed i n the emission. 
The fluorescence decay is no longer single-exponential but shows a regulär beat pattern, which 
is shown i n figure 4. This m o l e c u l a r q u a n t u m b e a t arises from coupling of the single vibronic 
level i n Sj wi th a second ' da rk ' S ta te which i n biacetyl is preferably a triplet State. This decay 
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behaviour now can be fitted with a density matrix calculation that solves the Liouvi l le equation 
for a coupled two-level System (Haberkorn et a l . 1980): 
dp/dt = - \ L Q p - \ U p - r p , 
where p is the density matrix for the two levels, L0 is the Liouvi l le Operator for the basis set 
chosen, L' describes the interaction of the anticrossing levels and r is the damping Operator, 
which describes the decay and the dephasing of the levels. The result of this calculation is also 
shown i n figure 4. This intramolecular process can now interfere with perturbations from 
collision wi th other molecules or external fields. 
0 1 2 
time/us 
F I G U R E 4. Quantum beat in biacetyl: (0) fluorescence decay after narrow-bandwidth pulse excitation of a 
single rotational line; ( b ) calculated decay curve for a coupled two level System. 





/ / = O G J 
1.11 M H z 
2.46 M H z 
0.5 M H z 
1.40 M H z 
H = 4 G 
1.11 M H z 
2.37 M H z 
0.8 M H z 
2.66 M H z 
j H m n y interaction between the coupled states; Wm 
decay constant; dephasing, pure dephasing constant. 
t I G = 1 0 " 4 T . 
level Separation without interaction; decay, overall 
Collisions can be classified as inelastic collisions, which relax the population of the states and 
are detected by shortening the observed mean lifetimes, and collisions that only change the 
phase of the coupled states. The latter can be detected wi th the Doppler-free method because 
they wash out the beat pattern. This is a unique method for determining the cross section for a 
phase-changing collision, which otherwise could only be measured with very sophisticated line 
shape measurements. The observed quantum beat parameters are given i n table 2, where the 
pure dephasing most probably arises from residual collisions. 
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For a coupling to a triplet manifold, which is a possible interaction in biacetyl, the quantum 
beat should be affected by a external magnetic field interacting with the coupled triplet State 
(Henke et al. 1980). The experimental results obtained by applying a weak magnetic field are 
shown in figure 5. The magnetic field acts in two different ways on the decay of the excited 
Sta te . First one sees a quenching of the slow part of the fluorescence decay like the quenching 
also observed in glyoxal, only in this case a much smaller field is needed. The other feature is a 
change in the beat pattern. The beat frequency in this case becomes smaller, which indicates a 
level shift between the interacting states and can be interpreted as a Zeeman level shift of the 
triplet S ta t e . There is also an increase in the dephasing due to t h e magnetic field. From t h e s e 
measurements all parameters for t h e coupling of states w i t h S e p a r a t i o n below t h e Doppler 
width can be derived. 
time/us 
F I G U R E 5. Effect of magnetic field on the fluorescence decay of biacetyl. With increasing field the 
slow component, which shows the quantum beat, is quenched. 
In summary, one can say that with state-of-the-art narrow-band lasers, sub-Doppler experi-
ments can be performed. With Doppler-free two-photon excitation, the rotational structure and 
hence the molecular structure of polyatomic molecules like benzene can be obtained. With 
quantum beats this sub-Doppler method allows horizontal spectroscopy between near-lying 
coupled states and in addition gives information about the type of interaction and coupling 
parameters. 
R E F E R E N G E S 
Biraben, F . , Cagnac, B. & Grynberg, G . 1974 Phys. Rev. Lett. 32, 643-645. 
Bonilla, I. R. & D e m t r ö d e r , W . 1978 C h e m . Phys. Lett. 53, 223-227. 
Chaiken, J . , Benson, T . , Gurnick, M . & McDonald, J . D . 1979 C h e m . Phys. Lett. 61, 195-198. 
Haberkorn, R. , Selzle, H . L . , Dietz, W . , L i n , S. H . & Schlag, E . W . 1980 C h e m . Phys. 52, 363-379. 
Henke, W . , Selzle, H . L . , Hays, T . R. , L i n , S. H . & Schlag, E . W . 1981 C h e m . Phys. Lett. 77, 448-451. 
Henke, W . , Selzle, H . L . , Hays, T . R. & Schlag, E . W . 1980 Z . N a t u r f . 35a, 1271-1272. 
Jensen, H . B. & Brodersen, S. 1979 J. R a m a n Spectrosc. 8, 103-110. 
[ 52 ] 
S U B - D O P P L E R M O L E C U L A R S P E C T R O S C O P Y 519 
Levenson, M . D . & Bloembergen, N . 1974 Phys. Rev. Lett. 32, 645-648. 
Levy, D . H . 1980 A . Rev. phys. C h e m . 31, 197-225. 
Riedle, E . , Neusser, H . J . & Schlag, E . W . 1981 J. c h e m . Phys. 75, 4231-4240. 
Selzle, H . L . , Dietz, W. , Haberkom, R. , L i n , S. H . & Schlag, E . W . 1981 N u o v o C i m . 638, 420-430. 
Discussion 
B. A. T H R U S H , F.R.S. (Department of Physical Chemistry, University of Cambridge, U . K . ) . The 
quantum beats observed in biacetyl are strongly affected by weak magnetic fields. Could 
Professor Schlag's observations be affected by stray magnetic fields generated by, for instance, 
the laser power supply ? 
G. W . SERIES, F.R.S. (University of Reading, U . K . ) . Professor Thrush has spoken of stray mag-
netic fields that may be present from a variety of sources. In my experience it is important not 
to overlook the stray field in the laboratory oscillating at the frequency of the a.c. mains. This 
is typically a few milligauss in amplitude. 
E . W . S C H L A G . A d.c. magnetic field due to the magnetic valve of the pulsed jet nozzle was 
measured and found to be 40 mG. No a.c. field due to the magnetic valve was detected at the 
Position of the interaction volume. However, an a.c. field oscillating at line frequency was 
found to be 4 mG. Therefore all stray fields are less than the Earth's magnetic field and can 
be neglected. 
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